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NOTATION.

p=pressure defivered by Mot mzzle. -
p,=d.iHerentkdpresure delivered by Venturi or Pit&Venturi nozzIe.
s=suction deIivered by Venturi tube ae distingged from differential premure delfvered by Pitot-

V_enturitube.
Ti=headofwater correspondingto p.
&=head ofwater correspondingto p,.
E-=constantof PM tube.
Kl=constant of l“enturi tube.

d=density of waterinmanometers(rf=l throughout this repxt).
v=true ah speed.

ri=indicated air speed.
t=air temperature in de cen@qade.
T=air temperature in degreescentigrade akclute.
lf=barometic presmre.
p=airden&y.
g=air Wiecosity.
E=compresibifity modu.h of ekticity (adiabatic).

K—+OCidC heat mticlk air.

r=refative density=2.
Pm

g=ucd-tion ofgravity.
e=base of natural logarithms.

D=a Iinezr dimemion.
C=a Co&ant.

F,+, e,$= functional symbofs.
Subecript zerorefers to etandard conditions.
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REPORT NO. 156.

THE ALTITUDE EFFECT ON AIR-SPEED INDICATORS-IL

CONTIKTATTON OF REPOET NO. 110.

By H. N. EmoN and W’.A. AhcN-.

-. -

smL%lARY.

This report is the second part of an investigation on the altitude effect on air-speed indi-
cators, conducted by the Aeronautic Instruments Section of the Bureau of Standards under
research authorization formulated and recommended b-y the subcommittee on aerodymunb
and appro~ed by the h’ationsJ Advisory Committee for Aeronaut its.

It has hitherto been assumed that the correction of the readings of differential pressure type
air-speed indicators to true air speed could be accomplished with su.flicientaccuracy by the use
of a multiplying factor depending on the square root of the air density. It has been recogtied
that the compressibility of the air introduced En error into the air-speed reading, but this effect
has been assumed to be negligible over the range of speeds commordy attained.

Only quite recently has it been shown that a third physical proper~ of the atmosphere, its
viscosity, aflects appreciably the readings of Yenturi and Pitot-Venturi indicators at low speeds
and at high altitudes. In an investigation described in Report No. 110 of the NationaI Advisory
~o~ttee for Aeronautics, ‘f The Altitude Eflect on Air Speed Indicator,” by M. D. Hersey,

F. L. Hunt, and H. N. Eaton, it was shoti that under certain conditions, particularly for the
relatively low-speed ilight of diriible airships, the viscosity effect was important; but the data
obtained were not sticiently accurat~ ta allow a determination of the general lavr to be made.

The present report describes a more recent investigation, in which the data obtained were
sufficiently accurate and complete to enable the tiscosity correction to be deduced quantita-
tively for a number of the air-speed pressure nozzles in common use.

The report opens with a discussion of the theory of the performance of am-speed nozzIes and
of the calibration of the indicators, from which the theory of the altitude correction is developed.
Then follows the determination of the performance characteristics of the nozzles and the cali-
bration constants used for the indicators. In the latter half of the report, the viscosity correc-
tion is computed for the Zshm Pitot-Venturi nozzles, Army and h~av-ytypes, vibich are the most
commonly used air-speed nozzles in the LTnitedStates. It will be found that the viscosity cor-
rection is far from neghgible, since under certain conditions it may amount to 20 per cent or more
of the indicated air speed. Tables and plots are given to enable the readings of Pi tot type and
Zahm PitotXenturi type indicatom to be corrected for Wy atmospheric conditions -whichmay
be experienced by either heavier-than-air or lighter-than-air craft and for airspeeds up to appr@-
mately 200 miles per hour. Evidence is also adduced tending to show that the effect of the
compressibility of the atmosphere on the performance of Venturi air-speed nozzles is not numeri-
cally greater than the corresponding effect on Pito t tubes, and can be neglected over the range
of flying speeds commonly attained to-day.
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REPORT No. 156.

THE ALTITUDE EFFECT ON AIR-SPEED INDICATORS-IL

PART L

EXPEIUMWNTS WITH VENTURI TUBES.

1. lNTRODIXTION.

The air-speed indicatom commonly us”edin aeronautics may be classified as follows:1
1. Rotatirg surface instruments.
2. Direct impact instruments.
3. Differential pressure instruments.

Of these three classes, the third is by far the most generally used. This ckiss of air-speed
indicators may be subdivided as follows:

Ia.) Pitot type.
Ib) venturi type.
[c) Pitot-Venturi type.

This paper is concerned only with the dMerential pressure type of air-speed indicator, and,
in particular, with Venturi and Pitot-Venturi instruments, since the method of correct@U the
readings of Pitot indicators is well known.

A clear understanding of the altitude correction for cMerential preswre type air+peed
indicators requires recognition at the outset of the fact that such instruments consist of two
distinct parts: (1) b air-speed pressure nozzle of one of the types mentioned, in which the
motion of the air stream relative to the nozzle produces a differential pressure; and (2) a pressure
gauge by means of which this differential pressure is measured. The dial of this gauge is grad-
uated in terms of air speed instead of pressure.

It is clear, therefore, that two relations are iwolved in the corrections of the air-speed
readings to true air speed:

(a) The relation between the actual air speed and the corresponding dMerentiaI
pressure produced by the nozzIe.

(6)” The relation between the differential pressure produced by the nozzle and the
readirg of the indicator.

These will be discussed in turn.

2. THEORY OF TEE PERFORMANCE OF AIR-SPEED PRESSERE NOZZLES.

The differential pressure de~eloped by any air-speed pressure nozzle may conceivably
depend on the shape of the nozzle, on its absolute size, on its speed relative to the medium in
which it is placed, and on the density, viscosity, and compressibility of the medium.: This
dependence may be expressed by the relation

p= funct. (D, v, p, P, E) (1)

where the form of funct (D, o, p, IL,E) depends on the shape of the nozzle but is the same for
geometrically similar nozzks.

.—.. ——— ..— —
1Fm a mme completed6e&k?stionwe P@ I of Report No. 110of the X-atlrms.lAd}- Cornmittw for Aermautk-, “The Altitude Effect

on Air-speed Indke.tas.”
~It is presnppmed(a)thettheark of the nozzle Ie p8reJIel to the dfreetkm”of metfon relative to the m@5hrJw(b) that a steady state has been

este.blfslwd, end (c) thet the mediom k homcgeneais end undisturbed
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If it were desired h consider the effect on the differential pressure ef changing the shape of
the tube, a sullicient number of dimensions of the tube to specify these changes shoukl bc in-
cluded among the independent variables in equation (1). The present investigation was not
conducted for the purpose of obtaining information of this nature, however. Consequently,
only one dimension of the tube, necessary to specify the absolute size, has been included in equa-
tion (1), and the following discussion will be und~rstood to apply to nozzles which are geomct-
ricfdly similar. .

By means of dimensional reasoning, equation (1) can be rewritten

or

(2)

(2a)

‘v’ is due to the viscosity of the medium which tiects the performance ofThe variable —
M

certain types of nozzles at low speeds; whereas the variable-$, which is present bemuse of the

compressibility of the medium, is important only at the higher speeds.
Dvp

For Pitot tubes, p is independent of ~ within the accuracy of present methods of meas-

urement, as might be expected, since no flow through the tube’ takes place, once a stettdy state
has been established. The effect of compressibility can be determined analytically for the
Pitot tube by making use of comparatively simple and reasonable assumptions.n The complete
formula for the pressure delivered by a Pitot tube maybe written, therefore,

()p=@’ functl ~,‘V (3)

In Part I, section 10, and Part II, section 1, of this report the eflect of compressibility is

()discussed further, and it is shown that for the Pitot tube the value of funct $, ut zero speed

doss not change by more than 1 per cent for speeds up to approximately 150 miles per hour,
but that, above this speed, the magnitude of this effect increases rapidly as v becomes greater.
(See fig. 14.) Since the highest accuracy of calibration which is required of the indicator itself
is of the order of 1 per cent of its maximum rangei it is customary to neglect the effect of com-
pressibility for the ordinary range of flying speeds, and equation (3) then becomes: ,

p= Ep?? (3a)

for Pitot tubes. The constant K thus introduced into the formula is called the Pitut tube
constant and has approximately or exactly the value 0.6, depending on the Pitot tube used.

It is often more convenient, particularly in connection with the calibration of air-speed
nozzles and indicators to exprws p in terms of head of water, mercury, or whatever liquid is
used for the manometers. Equation (3a) may then be written

(3b)

by means of the relation

The form which the generaI
Report No. 110 of the National .

p=gah (4)

equation (2a) assumes for Venturi tubes has been discussed in
Advisory Committee for Aeronautics, This report was bused

.-
i u The ~Wy of the pitot and Vent@ Tubes,)) by E. Bucfdnghem, Part 2 of Report No. 2 of the Nat!onet Advisory CODIIDit@ for Aero,

nautlcs, FM Anntml Report, 19W and” Development of Ah Sped Norzk+,}’ by A. F. Zahrnj Repcrt No. S1, Fcarth AMUBl Report, 101S.
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on t-minvestigation of the performance of Venturi air-speed pressure nozzles at low speeds and
DVP the

at hQh rdtituds In Report 110 it was shown that for low values of the variable ~

differential pressure developed by the Venturi was dependent on this vmiable to a marked
degree. It was also shown that the available data covering a speed rangg of from 30 to 65
miles per hour exhibited no correlation between the performance of the tube and the compressi-
bility. Further evidence of this lack of correlation is presented in Part I, section 10, of the
present report. The conclusion which is drawn there, that the effect of the compressibility of
the atmosphere on the performance of the Venturi tubes studied in this investigation is ru@i-
gible over the ordinary range of flyiug speeds, will be utilized here in order to justify the elimina-
tion of the compressibility variable from (2a) for thd discussion of this type of tube. The
general equation (2a) then reduces to

or

(5) ,

(5a)

for Venturi and Pitot-Venturi tubw. The reason for writ~~ the particular form (5a) in place
of (5) will be made cdearin the portion of the next section which deals with the calibration of
indicators for use with Venturi tubes. The Venturi constant K, is analogous to the Pitot
constant K

Obviously, (5a) can also be written

Dvp
()

IL,=* ‘lAfl --j
a

(5b)

The form of the function@ for a given Venturi tube must be determined before the perform-
ance of this tube can be predicted for any given conditions. The data presented in Report 110

Dvp
showed that @(,- ~ -) varies considerably for low values of the alagumentbut is a constant, at the

D ‘P for a majority of the Venturi rmd Pitot-Yenturi tubes tested.higher values of — Unfortu-
lJ

nately, errors due to the imperfections of the small low-premme wind tunnel used in this earlier
investigation made it impossible to determine an empirical form for the function o with any
degree of accuacy. On- this account it was decided to construct a new low-pressure wind
tunnel with a larger throat and a greater range of air speeds and to mount it in an altitude
chamber where a greater variation of airpessure would be possible. The results obtained
from tests in the new wind tunnel are reported in this paper, and the altitude correction is
deduced for the two types of air-speed nozzle in most common use in this country, the Navy
type and the Army type Zahm Pitot-Venturi nozzles.

3. THEORY OF THE CALIBRATIONOF AIR-SPEED iNDICATORS.

If it were feasible to construct an indicator which would take account of all the variable
quantities in equations (3a) and (5a), such an instrument would indicate the true air speed
directly, and no corrections would need to be applied, aside from those due to imperfections in
the instrument itseff. Difficulties in construction and the limitations imposed by the condi-
tions encountered in fl&ht, however, hare made it impracticable to construct air-speed instru-
ments of the differential pressure type which will do more than indicate the true air speed for
one given set of conditions. For this reason, Pito&type instruments have been calibrated
heretofore in accordance with the relation

m-
(6)
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where K has the value ~ and where pOis a convenient density chosen as a standard which repre-
sents aver~ue conditions near sea level.

Similarly the majority of indicators for use with Venturi tubes have been calibrated in
accordance with the formula

‘p,= lqPotr )
or

(6c4

Lhp
()

where K1is the constant value which F — tRkesfor the higher range of air speeds and which
P

is ordi.mdy several times greater tha~ the constant K for the Pitot tube.
Dvp

Ithas not been considered necessaxy to take account of the change in value of F y at
()

low speeds when Venturi air-speed nozzles have been used on heavier-than-air craft at ~;elatively
DvpDVP for ,Vhich F ~

high speeds and low altitudes, since the range of values of ~
()

is constant

happens to coincide approximately with the rmge of flying speeds of such craft for most of the

Venturi and Pitot-Venturi nozzles in common use.
()

Consequently the assumption that F ~

has the conshmt value 1, has,been found sufficiently accurate for ordinary conditions of flight
as far as heavier-than-air craft were concerned. ‘i’ibn, however, Venturi nozzles were applied
to the measurement of the relatively low air speeds of lighter-than-air craft, the assumption of a

Dvp
()

constant value for F — was at wide variance with facts, and the calibration of the indicators
P“

in accordance with equation (6a) permitted errors as great as 20 or 25 per cent in determining
thti air speed to occur. These errors could havo been, and probably wero in some instances,
reduced materially by the calibration of the indicaton according to pressures actually delivered

by the nozzle at different speeds for one particular air density.
The fact that ~ lhp is a

() P.
function not only of speed, but also of air density and air viscosi~y, shows that this“procedure
did not remove the error, but merely decreased its magnitude.

4. THEORY OF THE ALTITUDECORRIWI’1ON.

From the preceding discussion it can be seen that the correction of the readings of Venturi
or Pitot-Venturi air-speed indicators to true air speed involves the solution of the two simulta-
neous equations

()
p,. ~,wa~ y (3a)

md
p,= Klpovia (6rt)

for v in terms of the other variables through the elimination of the differential pressure p,.
Eliminating P, gives

($Y=:’(%?)
(7)

Theoretically, the solution of equation (7) for v, once the form of the function # has been
detmnined, will serve to correct the indicated air speed V1for the particular conditions existing
at the time whbn the reading was taken. Practically, however, this procedure is not con-ren-

Dvp
ient in general owing to the fact that v occurs in@

()
— which may prove to have a complicated

P
form. A simpler method for computing the correction “wiIlnow be derived in which the function
to be determined experimentally contains ordy quantities which tire knmvn or which can lw
computed easily from observations taken during the flight.
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By reference k equation (7) it can be seen that the following relation exists

L!=fllnct (D, “U)P/ Po) P

Equation (8) may be rewritten:

:’=’e’?) )

(8)

(9)

which can be solved directly for v when the form of the function 9
k’%h’’be’nde’’-’d.

Before this solution can be obtained, three things are necess&y: (a) the standard air dens-
ity p. for which the indicator was caMbrated must be known, (b) the value of the calibration
constant KLmust be determined (in order to compute vi for use in this instigation), and (c) an

emptilcil form for O[;, ~) must be obtained from experiment.

The remainder of Part I of this report will be de-roted to this purpose. Part II will be
reser-red for a more complete dwussion of the density, compressibility, and -riscosity correc-
tions and for the application of the method just outlined to the data obtained from two types
of air-speed nozzles.

5. NOZZLES TESTED ES THIS I?WESTTGATION.

The differential pressure air-speed nozzles in most common use are as follows:
United States:

Pito&Venturi—
Zdun, Navy type.
Modii%d Zahm, Army type (Oliver).
ToussainhLep&e (for performance wsting).

Great Britain: .
Pitot (static openings)—

British standard.
Ogilvie.

France:
Pitot-Venturi—

ToussainLLepi%e.
Venturi (single and double)—

Budin (si@e throat, static openingg).
Badin (double t’hroat without static openings].

Italy:
Venturi—

Badin (double throat).
Germany:

Pitot-
Atmos (static openings].

Venturi (double throat)—
Bruhn (tithout static openings).

The folIowin.g tubes were tested in the course of this in-wdigation:

Make.

. . —

zaF.l~oFpt-wurf(w-yt@ 1...................... .................................................................... ~ :.........-. ..........................-.--—.-.——..-----------------..........---------....................................
Do. L.. . . . . . . . . . . . . . . . . . . . . ------------ -------- . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . -------- . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1~1-Jg

Zahm Pltat-Ventti(Army type) h *~ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ..~ a% I m
m.l . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. g ; Bm8

Tous#tJ.e@re Pitot-\-e.nturl 1...
..-,. - . . ..-.. -.. -.--. ---..:::::::; :::::::::::::::::; ::::; :::::::::::::::::::::::::::::::;;:::;::;:::;::;::::::--.---~-:. . . . . . . . . . . ------------- . . . . . . . . . . -------------------- . . . . . . . . . . ------------ . . . . . . . . . . . ., -----------------------------

Do.J . . . . E
Bsdlrt ~entt@sin e 1.1. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .../ ~ ~

$Bsdln\enturLdm 161. . . . . . . . .
. . . . . . . . . .

. . . . . . . . . . . . . . . . . . . . . . . -------------------- . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . -----
B~o~atufi, dmbkl . . . . . . . . . . . . . . . . ---------------------------------------------------------------------------------- ~ ~ ~

. . . . . . . . . .

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .----—--- . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ----------- ..- . . . . . ----- .--—- 1345
Dol . . . . . . . . . . . . . . . . -`--------" ------------" ---" --"--------------------------"--"----------"-----------------"-------i

870~ 4s9
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It is evident from the preceding that samples of all types of Venturi and Pito&Venturi
tubes in common use for the purpose of air-speed measurement in aeronautics were tested.

The majority of these tubes were tested in the low-pressure wind tunnel. A number were
tested in ordinary wind tunnels, and several were tested in the high-speed wind tunnel at
McCook Field in order to obtain checks on the work in the low-pressur~ wind tunnel, to deter-
mine the constants of the tubes, and to ascertain to what upper limit the tubes perform in
accordance with the simple pvalaw.

6. STANDARDAIR DENSITY.

The standard air density p. used in calibrating air-speed indicators in the United Shites
is 0.001221 gram per cubic centimeter, corresponding to a barometric pressure of 760 mini- ‘
meters of mercury and to an air temperature of +160 centigrade. Whenever either of the
expression “standard conditions” or ‘(standard air density” is used in th~ report, it will be
understood that these values are referred to unless a different rneani~~ is clearly indicated.

Two other standard air densities are necessarily introduced into the discussion. The first
of these is the Bureau of Standards wind-tunnel standard, which is involved in the constant
of the Pitot tube used to calibrate the static plates of the low-pressure wind tunnel for this

-I--’
t -625 “

~ ........... c:...... &
8 3, b * ~
i~ I ----$:--------”-”-”-”----”--------:~-”----Jj-~;---~’ ~~——— .

‘w+ - /2”
!<2-.----------i ...........y"-"--"---.----------""---.---.-'-+.---(~

“’f-q- J:

l-- 625” -“Tw ~-b

r-r]
N

:1! “ti

-.875’8
b=. /5625’
c-./25””
+.250 “
e=.4375°
f= 26”27’

l%. la.—Navy-Zahm PIW-Ventti.

investigation. This air density is 0,001223 gram per cubic centimeter and corresponds to a
barometric pressure of 760 millimeter of mercury and ta an air temperature of +15 .6° centi-
grade. The second of thwe is the French aircraft performance standard density of 0,001225
gram per cubic centimeter, corresponding to a barometric pressure of 760 millimeters of mercury
and to an air temperature of + 15° centigrade.

Where either of these two latter air densities is used in this report its identity is specifically
indicated.

7. DETERMINATION OF CONSTANTSOF NOZZLES.

The theoretical performance constant KI used in calibrating the indicators was available
for only three types of nozzles tested in this investigation—the Navy and Army types of Zahm
nozzle and the Bruhn nozzle. Various sources of information were utilized in the attempt to
determine representative values of this constant for each of the three types of French nozzle
tested. These sources include data from the French laboratories in which the nozzles were
calibrated and data from wind tunnel tests conducted at the Bureau of Standards and at McCook
Field. These data are presented in detail in the following discussion of the determiuution of
the constant K1 for each type of tube.

Zahn nozzle (Navy type). —In the development of the originrd Zahm nozzle (see fig, la)
the pressur~speed relation for the indicatom was based on a calibration curve determined
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experimentally. A table of pressures corresponding to various air speeds was then made for
the use of manufacturers and inspectors of these instruments. It is found, however, that the
equation

vi= 17.89.& 4(10a)

where v1is in miles per hour and hl in inches of water, represents this relation quite accurately,
as is shown in Tuble I.

T.ABLE 1.

—

The constant in equation (lOa) corresponds to the standard air conditions of 760 milli-
meter mercury and + 16° centigrade.

u= .035 “
b=.250”

Fm. lb.–Army-Zahm P1tot-VdurL

3hd<jied Zahm nozzle (Army type) .—h the development of the motied Zabm nozzle
(see fig. lb), the attempt was made to design a tube whose performance could be represented
by equation (lea)}

h computing K, for the zahm tubes, both Army and Xavy types, we start with the generaUy
accepted formula

Vi= 17.894G (lOa)

where VIis in miles per hour, hl is in inches of water, and the standard conditions of 760 rnilli-
mete~ mercury and 16° C. are assumed.

If equation (6a) is written in this form, there results:

(6b)

Consequently—

/–-@ = ~7.89
1 ‘KPO

4TM is memly another way of writfng (6a).
‘ ~~ti~~. me ~~t w==~~IJ817.9 WkOd Of17.89. T.h8d@.c=C8 h ne@3ibk, MXIMJUtiOD (SW) will be 8SSUMedin this

rqwr IOapply to fndknkm fm w with both the &my and Iiavytyw Zahmtuixs.
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In order that the results maybe in C. G. S. units, the constant 17.89 should be changed so
that in (lOa) vi shall be in centimeters per second and iil in centimeter of water, i. e.

‘VI= 501.8#ii.

EquathQ the expression
4F

to the, cotitant 501.8 and substituting the numerical
lPO

values of d and PO,we obtain

+= 0.003253

or
K1=3.188 (g=980).

#’then equals 6.38, which is seen to agree well with thelow-pressure wind-tunnel data for the
.

Zahm tubes:
Tou~8aint-Lep2re. —These air-speed nozzles (see ~. lc) have been used to some extent by

the United States Air Service, both because they are easier to mount ahead of the lea@g edge

a=. /97”
b=.3oo:
C-.474
i-. f58-
d= 30”/ 7’
e= 6“/6’

FIG. lc.—Touswht-Lepere PitoL\-mturf.

of the airplane than are the Zahm tubes and because the Toussaint-Lep&e air-speecl recorders
have been used in performance testing.

In their manufacture no special conditions are imposed as regards construction tolerances,
so, as a result, appreciable differences occur in the dimensions of individual tubes. Conse-
quently, these tubes have no standard calibration curve and their performance varies appreci-
ably. The French practice, therefore, is to calibrate separately each Toussaint-Lep&e tube
with its corresponding recorder aridto determine in this way the performance of each individual
outfit.

In spite of the possibility for error thus arising through the method of construction of the
tubas, the three Touseaint-Lepbre tubes tested in this tivestigation gave fairly consistent
results, On this account a constant based on data for three different tubes has been determined
for these nozzles. The first value was obtained from the test, the results of which are ttibulated
in Table II and in which the air speed waa varied from approximately SOto 285 miles per hour.
The remaining two values were obtained from two other tubes tested in the low-pressure wind
tunnel at air speeds ranging from approximately .20 to 90 milss per hour. (See figs. 9f and 9g.)
In obtaining these three average values, the data obtained at air speeds below 40 miles per hour
were discarded, since the viscosity effect was noticeable below these speeds: 11 was also found

i.-
J K,the, Pftot tulM constant, Is *.

.—
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that the due of the constant vm.sappreciably higher for the one observation made at a speed
above 250 miles per hour, so this vahe vw discarded also.

TIM data shown in Table II and plotted in figure 2 were obtained from a test made by one .
of the authors in the high-speed mind tunnel at McCook Field.s

TABLE 11.—Touwuint-L@re,M2nhjfcafionNo. X9.

Figge 2 shows that this tube obeys the@ law as well as the I%ot does up to at least 250 .
miles per hour. The fallirqgoff in relative performance at the highest speed is probably a correct
indication of what happens with this tube, but, ovi-hg to the fact that there is only one point
which shows this tendency, further etidence is needed. F

By substituting in equation (6b) the data from which @ures 2, 9f, and 9g, vm.replotted and

Jthen correcting C for air density by multiplfia it by E, we obtain the values 20.5, 21.1, and
Po

22.1. The average of these values was assumed as characteristic of these tubes, so that the
formula -which would serve for the calibration of indica.tom for use with Toussaint-Lep&e
nozzIes is given by

vi=21.2& (lob)

where WIis in miles per hour and hl is in inches of water.
In determining the constant K, for the Toussaint-Lepi%e nozzIe, equation (lOb) is first

transformed to
vi =595>% .-

where vi is in centhnetem per second, h, is in centimeters of water, and standard conditions are
assumed.

Then / Z=595;
\ KPo

K
whence := 0.00231,

K,=2.26,

and %=4.52,

which agrees closely with Figure 2.
Badin ~inqle Venturi. —Both the Badin single and double Venturi nozzles (See figs. ld

and le) are adjusted to a standard calibration curve by the process of testing at a given speed
(’130 kilometers per hour) and then changing dightly, if necessary, the angles of the cones until
the tube deIi-rers the standard pressure at that speed tithin a fraction of a per cent. It is as-
sumed that a series of these tubes giving identical pressur~ at one particular speed and having
a common zero will have exactly the same calibration curve. This is.probably true over the
ordinary speed range of heavier-than-ti craft, but it is extremely doubtful if it is so at the lower

sThe authom wish to ackno!dem the C- Oftha -ec=fns Dtvis!on 0[ the Ah ~ LUpta.CtUgthe M@-speed wind fundatMcCkmk
Ffeidat tW_f=wd@wM&-W~MintMwF. ThecordL8}cooP=8tlon of Wti-ttUMId Min t.ksetmtawof
lm.tarial ~C2.

—
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speeds of lighter-than-air craft where the viscosity effect becomes a-ppreciable, as will bo shown
l~ter in this paper.

The constant C for the Badin single Venturi tube was obttiined from the data shown in
Tables 111 and IV and plotted in Figure 3. The first set of data (Table III) was obtained from
nn ordinary wind-tunnel test in Bureau of Standards wind tunnel No. 2e. The second seb
(Table IV) was computed from a standard curve furnished upon request by the designer of the
nozzle, M. Badin. The agreement of the two sets of data is very good, as can be men from in-
spection of Figure 3.

TABLE 111.—Badin tingle Venturi, aerial No. M?.
——

I (%;?%$
,..—

I

16.8
19.6
22.0
2.5.3

E.;
3a.2
43.8
46.7
4!l 2

%J

70.4
81.2
39.9

lH :
111.I
122.8
lal.8
144.0

(l% i

.6W

1:F
1.84

;2
2.66
.2.3a
a. 18
3.70
4.% t
&al I
7.75 j
9.62 6

11.6 ;
13.4
14.6
17.7 -
23.6
24.4

v4dorf
(i%&k-
LXSWater)

;E
H
4.8.5
6.10
1?.%
13. &o
16.10
16.40
!m.54
24.M
33.xl
43.70
64.80
60.20
n. 10
3a. 70

10.5.70
122. ao
146.80

f

8.68
3.69
3.42
3.K-l
a. 71
3.:

4.G
4.63

M
L 7e
4.n
4.70

$%
4.99
4.93
6.02
5.17
6.19
6.21

Siofic openings

295q+-2.40#-j

0=0.55 f N
b=o.o18”
C=O.3[5”
dE2. f 26”

e= 25°
f= 8°

FIG. ld.–BarfIn single Venturi.

T ~ 131..E1V.—B(tclin tingle Vmtun., mkul.atedjmt CWIM&nMed by lh!h,

(%:%$.

L2.4
l&6

H
37.a
43.5
40.7
66.9
ml
74.6

1%8
111.7
1241

Pitot
hsad h,

:0 nthne-
Wewater)

Ven.l;l
D.rP

(centfme-
terswater).

+ T

1.58 I 3,800
am 5,6MI
a.aa 7,ac0
4,17
4,62 1~%
:7J 13,100

IS,Q20
6.53 16,WHI
6.09 13,am
6.06 !Z2,6CEI&w
4.82 %%
4.84 W,7al
4.92 37,6W

+

—.. .

.

The average value of the constant C was obtained from data at air speeds varying from
50 to 125 miles per hour. At lower speeds the value inoreased apprecia~ly. No ~or~ection
WM.made for air density, since the air conditions which the curve represented were not given,

,-- .. ..
*The wind-tunnel statl of the Btsmeu of Standards cooperated h obtahlng erdhsry wind-tunnel dnts for 8 number of nozzles teskd in thfs

,. —.... .,

hmeatlgation.
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The equation -whichis taken as representing the performance of the Badin single ~enturi
tube at air speeds above 50 miles per hour is

where UIis in miles per hour and hl is in inches of -water. Tests at high air speeds indicate that
this relation probably holds good at least to speeds of 200 miles per hour.

E v, is expressed ~ centimeters per second and h, in centimeters of water, equation (1OC)
becomes

vi= 568.o-&

Following the previous procedure:

whence

/ JzA=5&f3;
\ &Po

K
–J = 0.002539,
9

and K,= 2.488.

Then 3=4.9s,

which is in aagpeementwith F~ure 3 and the kst eight values in Table ITT.
Badin double l?entuti.-Table V and Figures le and 3 ihstrate the design and character-

istic performance of the Badin double Venturi as given by a calibration curve furnished by M. - .- .-.__
Badin. As in the ease of the Badin single Venturi, the air conditions for which the calibration
cur~e was drawn are not known, so the French standard conditions of 760 mikaeters mercury
and 15° C. were assumed. Comparison of Figge 3 with Figure 9i shows that the low-pressure
wind-tunnel tasts of Badin nozzle serial No. 320 agree very well with the curve furnished by
M. Badin.

-’-h

S.faticcokecfion [Co?Orn&el modificafimj

FIG. le.–Bdln double I-enturf.

l’~13LE V.-Badin double Te-nturi,dcdktedfrmn mmyefunt[shed hg Badin.

1S.6
-A s
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No constant could be determined for this nozzle, ”as the curves in Figures 3 and 9 show
that the value of El was still increasing at the highwt air speeds which could be attained.

Bru.hn double Venturi.-This tube is designed to give a differential pressure 1.3.6 times
as great ~ that delivered by a standard Pitot tube; in other words, to produce the same differ-
ential head of mercury as a Pitot tube would of water.1’J It is stated by W. IIort that this

I—. 6.966 “ i

~/.966” ,

-’”4

FIG. lf.-Bruhn double Ventur[,

condition is not quite attained in the actual performance of the nozzle, so that the tubes’
must be calibrated individually. In the course of this investigation, however, a 13ruhn tube,
serial No. 370, just received from Germany, gave at high speeds almost exactly 13,6 times the
pressure delivered by a Pitot tube: hence this relation was assumed to be standard. This tube
(serial No. 370) was a new one, whereas the two which were tested in the. low-presmro wind

6

● ● ● t)
4

●

s

~

P Toussoh+Lep&e
,? Idehificofion/VaX9

o “% 16 24 .32 40 46 55 64 “72 80

,

f?IL?.2.—Rceufts of tests fn ordinary wind tunnel.

tunnel were used during the recent war and showed signs of hard usage. On this account
more confidence is placed in the results given by No. 37o than in those given by Nos. 326 and
333. Owing to the fact, however, that No. 37o was received too late to be given tests at
reduced prwsure in the low-pressure wind tunnel, results for Nos. 326 and 333 are included
in order to illustrate the viscosity effect on thwe tubas. Table VI and Figure 4 give the results
obtained in a test of tube No. 37o in wind tunnel No. 2 at the Bureau of Standards.

MEin neues Instrument zru G@clMndigkdtmnwsung auf FIugMugen, W. Hort, ZeiWrfft fur Flugt@nlc und MotorluftWdlTW& VOI.9,

. .-

1918,p. 67.
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TABLE Y I.—Bruhn rioubk T%ntw”.senkl No. 370.
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26.s
47. I
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FIC+.3.–RezrIts of trots In ordlnrq wind b-rnnd.

The calibration shown in Figge 4 agrees so well

the ratio ~ for the Bruhn tube vdl be taken as 13.6.

Then K,= 6.800

and ~= 0.006939

The formula for the Bruhn tuks can be written

vi= 12.2s\K,
where w is in miles per hour, hl is in inches of water,

.-.

----

,

—

with the theoretical value of 13.6 that

(lOd)
md standard conditions are assumed.
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The calibration curves plotted in Figure 5 are obtained from the formulas just given except
in the case of the Badin double Venturi. This last is obtained from the curve furnished by M.
Badin.” (See Table V,) The curves computed from the formulas (lOa-d) are only- approxi-
mate at low speeds owing to the viscosity tiect, but they are useful for reference purposes.

8“DETERMmAT10N““”w””’ t:’%’)

In order to determine accurately the form of the function o
&’%fOrlOwvd”wOf ‘“e

argument, it was necessary to run a series of tests for each type of tube at low values of the

‘ariable%Or?)”
In doing this it makes no diilerence whether w is decreased or p is

Dvp .
decreased, as far as the value of ~ 1sconcerned, but it does make a very appreciable difference

/4
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Fm. 4.–l-ksuIts of tests in ordkmry wind tumel.

in the maggitude of the pressures delivered by the static plate and the tubo under test, since
these pressures depend on the product PP. It can be showu that the pressures obtained when
p is decreased me greater than if v were decreased enough to produce the same change in the

‘Vp Thue the use of a low-pressure wind tunnel makes it possible to obtain greatervalue of — ●

F

‘Vp than if extremely low speeds were used in anaccuracy of measurement at low values of —u

ordinary wind tunnel.
DE.SCR!PrION OF LOW-PRESSURE ‘WIND TUNNEL.n

The unusual features of the low-pressure wind tunnel (figs. 6 and 7) used in this investiga-
tion warrant a fairly complete description of it. The tunnel was designed b fit in one of the

—
u Stnce the curve for the Badln doulie VenhuI fs obtained from esperlmentsl tits, It luelude.s the vkrdty effwt, whereas the other curves,

whlohareplotted from equetlons (lus-d), do not. Thfs fact expIalns why the curl o for the Bndln tube crm.mathet fw the Bmhn tube-
li The &Uthor~~ fndeb~ to the e~pknepOWW pkntgmtlcmofthe Bureau Of Stfmderds fm Perrnlss!on to mount the windtunnelJr.rOoeof

the engine althude ohambers and to the stalf of the .sectkm for thdr ooopemtion In the tests.
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new altitude chambers used for testing airplane engines at the Bureau of Standards.B The
chamber is approximately 144 feet long by S feet wide by 11 feet h@. The tunnel was made
1l+ feet 10W, so that a space of about 1S inches was available at each end of the tunnel between
the end of the cone and the wall.

The entrance cone was made square in cross section and tapered, as shown in Figge 7,
from 32 inches at the entrance to 16 inches at the throat in a distance of 3 feet. A wooden
honeycomb was placed at the entrance with one layer of mosquito nett~m 1’ across it. The
throat was 18 inches lorg and was square in cross section. A removable cover to which the
Venturi tubes cotid be attached vm.sset in the top of the throat. The exit cone was made of
sheet iron and was 7 feet. lorg, tapering from a circular section 32 inches in diameter at the fan
end to a section 16 inches square at the throat.

Since a high air speed was not the primary consideration in the design of this tunnel, no
attempt vm.smade to utilize the refinements by which the efficiency of a wind tunnel can be
slightly increased, but ease of construction was given the preference.

3Z0fm-Arrny,Navj
120 ‘4-19cw%7 s&7 /e

%&-J5-Tbuq.sOin-i

L- 1 If /

1//1 1
8 t

I t h 1 F 1 1 r
Y/ i

Air-speed-MRH

FIG. 5.–Callbration crm’es fw Venturi ak%peed nozzles.

A tin-o-blade fan 30 inches in diameter was specia~y desigged and used in this tunnel.
It wcs driren through a belt by a %horsepower variable-speed motor. The maximum fan
speed attained was nboui 2,S00 r. p. m. , .

Figure 6 shows the door to the altitude chamber with the fan end of the tunnel just visible.
The motor is mounted beneath this end of the tunnel. Outside the chamber on the Ieft of the
door are the controller and circuit breaker for the motor. On the right are shown the three
manometers used in the tests. N. OS.1 and 2 me inclined benzene manometers having slopes of

~ approximateely 0.07 and 0.4, respectively. The third is a verticrd U-tube water manometer.
The air density inside of the chamkr can be computed from the readings of the barometer,
shown at the left of the manometer! and the thermometer hanging in the doorway. The ther-
mometer WRSread through a gks window in the door.

The air speed was measured by means of a static plate. Two static plates were set into
one of the side walls of the throat, one near each end. Tests at various barometric pressures
showed that the upstream plate (the one nearer the entrance cone) gave more consistent results
than the other, so this plate was used throughout the tests.

The static plate was connected to the inclined manometers on account of the small dHer-
entitd pressures involved, particularly at low speeda and high altitudes. In order that a more



592 REPORT NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS.

open scale might be obtained, the plate was connected at low speeds to tho inclined rmummcter
with the smaller slope. At the same time, the Venturi tube under test was connected to tho
other inclined manometer. Valves were arranged so that, when the benzene in either mrmomc-
tm approached the upper encl of the tube, the static plate connection could be shifted quickly
to the inclined manometer of greater slope and the Venturi connection to the vertictd mrmomc-
ter. This arrangement proved very satisfactory.

The inclined manometers were calibrated againat a water column which was read by
means of a cathetometer. As the relation between the manometer reading and the corre-

F’m.&-Altltl]de charnbr.

spending vertical head of water is not generally linear at low pressures,it was necessary to plot
the ratio of vertical head of water to manometer reading against manometer reading for each
manometer and to refer to these plots in reducing the observations.

The static plate was calibrated against a standard l?itot tube at various barometric pres-
sures. Upon p~otting the pressure delivered by the static plate against that delivered by the
standard Pitot, it was found that a straight line resulted for each given air dewity, and tl~at .
changing the air density resulted in altering the slope of this line slightly. This fact muck it
possible to change the static plate readings to standard Pitot readings very easily for any given
pressue. The ratio of the Pitot pressure to the corresponding sttttitiplate pressure was deter-
mined for calibrations at four diilerent air densities ranging from about 0,0004 to 0.0012 gram
per cubic centimeter. When these ratios were plotted against air density 1’ they were found

-., .
u ThIs ratio wouldnndoubteilg prove to be a fnnctlon of ‘~; but r.tnce the e.frtem~tu’re ww practleelly timamc [n all 0[ the lMs, c and

p were the only lndepmde.ntveriabl~.

—
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to lie quite closely along a struight line, (Fig. 8.) Consequently the most probuMe straight
line was determined for the four points and was used in reducing observations.

To determine the true air speed at the throat of the tunnel the following method was used:
The pressure delivered by the static plate was determined from the readings of the inclined
manometer and the calibration curve for the manometer. From the static plate calibration
(fig. 8) the correspmling pressure for the standard PitoL tube wtis obtained. Then the air
speed was computed from equation (3b).

Since, in the case of a Pitot-Venturi nozzle, both the Pitot and the Venturi cannot be placed
at the centm of the tunnel simultaneously, it was necessary to determine the velocity distribu-
tion over the cross section of the throat of the tunnel. This was done over an mea 8 inches
square symmetrical with respect to the center of the tunnel and with the sides horizonttil and
vertical. This area was sufficient to include the openings of all the tubes testedi

The velocity distribution was studied o~er the range of barometric pressures used in “tho
tests which follow. Almost without exception the variation was within I per cent. In no
case was this value greatly exceeded.

LOW-PRESSURE WIFJD.TUNNEL TESTS.

Sa.mplesof all types of Venturi and Pitot-Venturi tubes in common use were tested in the
low-pressure wind tunnel. Particular attention was paid to the Zahm tubes, both Army and
Navy types, since these tubes are the most commonly used in the United States.

FIG. 8.-CallbraUrm curve for static plate. Low-pmsuw wb.rd tunnel. .’

Photographs of these tubes are shown in Figure 1, N. A. C. A. Report No. 110, already
referred to. Longitudinal cross sections are shown in Figures la to If of this present report.

The tube to be tested was mounted at the center of the throat of the tunnel, The differ-
ential pressure delivered by the tube was meaeured for speeds varying from approximutoly 15
to 90 miles per hour. This process was repeated for a series of air pressures from full atmos-
pheric pressure to approximately 250 millimeters of mercury. Under these conditions it WM

found possible to reach valuea of
l!hp
~ as low as 1,500, using C. G. S. units and taking D as 1

centimeter. These are distinctly “lower values than were obtained with the old low-pressure

wind tunnel, with which it was found impossible to reach values of ‘;vP lower than 4,OOO.

The readings taken during the testa included the pressures delivered by the static plate
and the tube under test and the air temperature and pressure inside of the c.hmnher. With the
Pitot-Venturi tubes the lower end of the manometer was connected to the Pitot and the upper
to the Venturi, ,Since the Badin single Venturi has static openings, the lower end of the
manometer was connected to these. A small auxiliary st~tic tube 1° sometimes used with
the Badin double Venturi was attached to the nozzle and connected to the lower end of the
manometer when this nozzle was tested. The Bruhn tube has no static pressure holes, so
the lower end of the manometer was conrmted to the downstream static plate.

A sample table of data and computations is given below for Zahm nozzle serial No. 33o.
Owing to the amount of space required to tabulate the data and computations for all the
tubes, only the plots resulting from the data are given for the other tubes. (See figs. 9a-k,)

. --—- ..- . . ...-. .-.-—.- .
nac~l~~b~l~~dlfl~~tl~.
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In Table VII, columns 1, 2, and 3 are self-explantitory.
Column 4 gives the Pitot pressures corresponding to the air speeds and air densities cxk+

ing in the throat of the tunnel when the observations were made. Actually, as has already been
explained, these pressures were determined indirectly by measuring the static pressure drop
in the throat of the tunnel by means of a static plate connected to an inclined benzeno manom-
eter. The readings of the inclined manometer were then changed tu vertical heads of water
by means of the calibration curve for the manometer. These heads of water, which were for
the static plate, were then changed. to the corresponding heads for the standnrd Pitot by means
of the curve shown in Figure 8. The heads thus determined me those given in column 4 and
are related to the true air speed v by equation (3b).

Column b gives the differential pressures delivered by the Zahm tube, These pressures
were obtained by reducing the inclined manometer readings to vertical head of water or reading
directly from the vertical water U-tube, according to which manometer was used.

The air densities existing in the chamber at the time when the observations were made
are given in column 6. They are computed from the formula

BTO
p=pO~T (11)

where PO= 0.001221 gram per cubic centhneter for the standard conditions G= 16°C. (To= 289°)
and BO= 760 millimeter mercury.

Sutherland’s formula, given below, was used for the determination of the air viscosities
given in column 7.

~+119.4
273

4
T—. (12)‘-k ~ ; 11$.4 %%

where I.LOwas taken as 0.0001733 gram per centimeter per second at O“C.
Values of the true air speed v are given in column 8. These are computed from the equa-

tion:

@b)

The value of $ is obtained from the equation for the standard Pitot:

v=28.313fi . (lOe)

where v is in miles per hour and h is in centimeters of water. To obtain v in centimeters per
second, we multiply the constant 28.313 by 44.70 and obtain

Now

and p.= 0.001223 gram per cubic centimeter, since the constant 28.313 corresponds to the
wind-tunnel standard conditions of 760 millimeters of mercury and 15.6”C.

whence

$=0.0005102

or
K= 0.5000 (g= 980).
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This value of K agrees within the links of accuracy of these computations with the value
of K from the theoretical Pitot formula

In this. formula K= ~. Consequently, for the purpose of computing ~, there is no need

of correcting the heads delivered by the standard Pitot used in this invcstigat ion to tho values
which would have been obtained from a Pitot whose performance was in accordance with the
theoretical Pitot formula.

Column 9 giv~ vakms of the indicated air speed w computecl from

(6a)

in which ~ =0,003253 (for Zahm tubes) and the values of hl are ttiken from column 5.

Colu~ 10, 11, 12, and 13 are the plotting tables. Columns 10 and 11 are used to furnish

% Pi Dvp
‘Vp The values of the variable ~the plot of ~ or ; against ~ o — are computed from the

.
values of p, P, and v found in columns 6, 7, and 8, respectively, D being ttiken m 1 centimeter,
since C. G. S- units are used. The choice of D is purely arbitrary, since it represents any corre-
sponding linear dimensions of a series of geometrically similar tubes; for example, the throat
diameter or the length of the tube. Owing to the fact that, except for several groups of two
or three identical tubes each, the ones used in this investigation were not geometrically similar,
there is no restriction whatsoever upon D, and so it is arbitrarily chosen as I centimeter for
all the tubes. This means that the curves for the different tubes can not be compared among the
themselves as far as abscissreare concerned. In fact, if the tubes were geometrically similar
we should obtain the same curve for all the tubes, provided the D’s were taken proportional to
the sizes of the tubes and the roughness of the surfaces was in this same proportion.

Since
h=~g,

2 gz

the ordinates of this curve are twice those in the corresponding plots in N. A. C. A, Report

No. 110, where ~: was used. That arrangement is more logical from the purely physical
.

standpoint, but the present arrangement is deemed better for this report, since the ordinatc
is a direct measure of the ratio of the pressure delivered by the Venturi (or Pitot-Venturi) tube

‘Vp It aIso gives the ratio of ~~to that given by a Pitot tube 1’ for different values of ~ .
K,

for the tubes, since

and

from which it follows that

(3b)

(5b)

h, K, Dvp

(._.)z=~~ T “ (13)
.. . . —_.. .

17mtsrat[of~aometiom o~lled the ejlekiwv of the VOlltUIituba.

b
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Dvp
For sufficiently great values of ~,

nnd

h, K1
T-z (13a)

for these values.
In the region where (13a) h@, the tube follows the ptiIaw.

Figure 9 contains the data for determining the form of the function 6
@ %? ’O’ “he

diflerent t-ypes of nozdes investigated. The data are prepared for this purpose in columns 12
and 13 of Table VII for Navy type Zahm nozzIe No. 33o. The relatiYe density given in

column 14 i!sused in computing values of ~1from equations (17) and (18).

9.PERFORMANCE OF VENTURI NOZZLES Al! VERY EIGH SPEEDS.

As far as can be determined f~m the available data, the efilciency # for each of the

Venturi tubes tested in this investigation remains constant for a considerable range of values of

‘~ abcme the region where the viscosity of the air affects the performance of the tubes. As
P

the value of ~ continues W increase, however, a point is reached where this ratio begins
P

to decrease once more. This decreaae in e%kiency possibly maybe due to the compresibilit~
of the air, but this lms not been proved as yet.

A brief disc~ion will be given here of the performance at ~~h speeds of the nozzl ~j tested
in this investigation in order that the upper limit of the range over which thes~ tubes ubey the
pti law may be estimated.

lfcdim, .4i-my and i~av~.—In Part II of Report 110, F~e 7, are plotted the data from
tests of an *Y Zahm tube in the wind tunnel of the Aerotechnic Institute at St. Cyr.
.$s=* standa~ Conditiom and comput@ the sped corresponding to the highest values of
Dvp
~ given there, the vah~ of 150 miles per hour remdti. There is no indication from the plot

that the speed at which the efficiency of the tube decreases has been reached.
I?urther corroboration is obtained from the following results obtained by one of the authors

from a test made in the wind tunnel at lfcCook Field in December, 1919.

TABLE 1111.—bJ Zahm, send No. s97.

. ,

37.s
-H.7
y~g

1%:
110.7
131.?I
14S.i

1.7s :
9.T2

‘M
:;: ,

21:59
2?.69

W
45.7 :
&Lo ;
SLa

113.0
143.0
lm3

.

.._
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Those rmults are plotted in Figure 10.
Tests conductod by the Engineering Division of the Air Service at McCook Field indicate

that the formula .

V= C~T (with p constant)

represents the performance of the Army type Zahm tube from the lower speeds of hcavier-thw]-
air craft up to 200 miles per hour.18

No high-speed data on Navy type Zahm tubes are available for this report. Only cxperi- .
ment can determine whether this type of nozzle will perf orrn in accordance with tho pti haw
to as high a speed as does the Army type; and before it is used at the higher flying speeds,
its performance at these speeds should be carefully investigated.

!l’louemint-hp?re.-l?igure 2 and Table II. show the results obtained from a test of a
Toussain&Lep&e nozzle in the high-speed wind tunnel at bfcCook Field. This nozzle dots not
appear to be affected appreciably by compressibility up to speeds of at least 240 miles per hour.

Badin sing.b Ventw-i.—Table III and Figure 3 show that there is no decrease in
the efficiency of the Badin nozzks up to air speeds of approximately 145 miles per hour, Tests

.0
1’ 9 I

●

6
‘i 1“

~: , ~: w “,

%

I .

4

~
P &%M3,7

.2 - I
. .

. ...

I
o 8 16 24 3240 #””

....,-
-.

...

. Fm. 10.—R@nlts of kste fn ordfnam wfnd tunnd.

conducted by the Engineering Division of the Air Service at McCook Field indicate that the
efficiency of this type of tube does not decrease until speeds higher than 200 miles per hour
have been attained.

Badin douMe Vetiuri.-At the highest air speeds reached in this investigation, tho per-
formance of this nozzle was affected by air viscosity. Consequently the region. in which the
tube obeys the PV2 law was not reached in this investigation.

Bruhn double Venturi.-Twti conducted by the Engineering Division of the Air Sorvicc
at McCook l?ield indicata that the efficiency of the Bruhn tube starts to decrease at a speed
between 150 and 180 mk per hour and falls off rapidly at speeds above this. If the values of—
Dvp
~ corresponding to these speeds are computed for the air conditions on which Table W

and Figure 4 are based (760 millimeters mercury and + 16° C.), 45,000 and, 54,000 result.
Consequently, it may be expected that the curve in Figure 4 would take on a negative slope

‘Vp of 45000 and 54,000, had observations been cxtmdedat some point between values of —
P )

as far as this.
10. DISCUSSION OF DATA.

Accway and ran~e of data.-Comparison of Figure 11 (a and b) of this report with Figure 4
of Report 110 shows clearly the superiority of the data obtained in the new low-pressure wind
tunnel over those from the old one. The curves are quite clearly defined and covor n greater

— —— ——— —.. _
~ In$mrtmtlon M t-othe performance at I@ speede ofsererel of the t ypes of air-s@ nozzle b?xtedin thfs fq%stlgation ma furnlshwl throt’gh

the c-mutely of the McCook FieId Instrument swtIon of the Enginwrfng Divfalon, Air Servfce.
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DVP
range of dues of ~ than do the old ones. This fact makes it possible to show more

conclusively than was done in Report 110 that there is no measurable correlation between the

ratio ~ and either the density or the compressibility.

Ah density.-In Figure 1la are plotted the data for Navy type Zahm Pitot-Venturi serial

Xo. 338. The wdues of ~ corresponding to I@ air densities are plotted as fulI circles, while

hopen circles are used for dues of ~’ corresponding to Iow densities. In distinguishing betvieen

high and low air densities, the tithmetical average of all the densities imolved in the low-
press.urewind tunneI tests of this tube was taken and those values greater than this average
due caUed high; those less called Iovi. ‘iThere the density for a psxticular run was practically
the same as the average density, the points determined by this run were not pIotted.

Cornpressibii!dy.-ih the same may points correspond@ to high and low values of the com-

Novy-ZohtnSerialNo.338
eLow vuiuesofdensifyficfoc●LOW vufuesofcompressibili~fmfoc
wHigh u u R n . ●High ‘8 N “ “ .

.: I ! ! I h k i t 1 L !

,, ,,i I I I I 1! t t

c!: :l~~i~ ~1
t I

o 8 16 . 24 0 8 /6 24 32
Dq.o
~ Xlo4

FrG. 11.—Efk’t of denstty and mrapresskdlitg.

pressibility vtiriable ~$ are plotted in Figure 1lb. For purposes of computing values of this

variable, E was replaced by its equivalent, d?. No correlation between the performance of this

D’VP sho~ ~ th Plot.nozzle and the compressibfity codd be detected for the rauge of dues of —
P

This rmge corresponds to a speed r~me of from 10 to 90 miles per hour approximately.
StilI further evidence of this lack of correlation which, ahho~mh not decisive, tends to con-

fim the conclusion that the compressibility effect on the performance of J“enturi tubes is negli-
gible over the ordinary r~me of flying speeds is to be found in the data given in Table II and
plotted in Figure 2 of this report. These data were obtained from the test of a Toussaint-lkp&e
Pitot-Tenturi tube in the ~mh-speed wind tunnel at 31cCook Field. The differential prmswe
delivered by this tube was measured for speeds up to approximately 2s5 miles per hour. Inspec-
tion of this plot shows that the ratio of the differential pressure p, of the Venturi to the Pitot

‘up of 28,000pressure p is constant within the limits of experimental error between values of —u

●

and 6S,000, correspon~~ to the approximate air speeds at sea le-rel of 100 and 240 miles per
hour, respectively. Below this speed range the chsnge in value of the ratio is due to viscosity. -
The effect of compressibility is included in the Pitd preesure p. . The fact, then, that the ratio
pJp remains constwt for this particular tube over the rauge abo-re stated indicates the possibility
that the effect of compressibility on the Venturi tube is to incresse the suction which it delivers
in the same proportion es the Pitot pressure is increased owing to this same cause. This can be
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seen from the fact that th~ effective diflerentiaI pressure produced by a Pitot-Venturi tube is
equal to the numerical sum of the Pitot pressure and the Venturi suction; i. e., the ratio pJp
can be written

B=8W??=Z+1
PPP

(14)

Now the only way in which the quantity s/p+ 1 can remain constant is for the ratio s/p to
remain constant. Consequently since it is IuMwn th~t compressibility increases p, ~ must be.
increased numerically in the same proportion by the same effect.

The cviclence thus preseniwdshowing an apparent lack of correlation between the pwform-
ance of Venturi air-speed nozzles and the compressibility of the air is utilized in the present

14

/2

’10

8

FJ

P
6

4

2

0
Q?@ .Io-s
P

FIG. 12.-CharacteAstic curves showing vlwmlty elTwt. Low-prewmrewind tunnel.

paper as a basis for the assumption that the effect of compressibility on the performance of. the
air-speed nozzles discussed in this paper does not exceed the effect on a Pitot tube and so can be
neglected over the ordinary range of flying speeds. This effect requires furthw experimcnhd
investigation.

Hystereti.-In some of the plots of the data obtained in the Iow-pressure w“md turmel a
scattering of points occurs in the region of sharpest curvatm+. This suggested the possible
existence of a small hystermis loop there similh to that found in the case of pipe lines where
turbulent flow changes to stream-line flow. If such a loop existed it would mean that, for the

‘Vp, the differential pressure,delivered by the tube would not be deter-corresponding range of —
P

minate unless it was knowm which side of the loop was being followed. An investigation of this
feature, however, gave negative results-no hyshrmis could be detected.
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hnpation of m“mo~y e~ecta on different iyptx of tuba. —Perhaps the most noticeable
feature of the curves shown in Figure 9 and in F- 12 is the marked viscosity effect upon the
double ~entnri tubes as contrasted with the single Venturi and the Pltot-1’enturi tubes. The
Unclerl-yiqgcause of this has not been ascertained, but it has been found that the magnitude of

the effect for single or double Venturi tubes is measured by the ordinate ~ when #
‘Dup ~

()
—= .

P

The discussion of the limiting values of ~ will make the re~on for this clearer.

It is interestbg to compare the form of the curve obtained for the Navy type Zabm nozzle
with that for the Army type. Examination of Figure 9 (a to e inclusive) shows that the Navy-

‘up than does the ~rmy type.type tube follows the p~ law to somewhat lower vahes of ~

This is mainly the result of the larger throat in the Navy type Zahm nozzle. If the tubes
were geometrically sirdar, then by choosing the D for each tube proportio~il to the diameter
the two curves couId be compared and, in fact, would coincide. Now the tubes rwenot quite
similar and so can not be compared directly, but the Navy-type tube has a throat twice the
diameter of that of the Mmy type. ConsequentI-y,it would be assumed that, since D was taken
as 1 for each tube, the Nav-y-type tube would perform in accordance -with the P# law down to

‘“VP t~ Kould the other.lower dues of —

Limithzg val~e qf p,/p.—Examination of the curves obtained for Venturi tubes, si@e and
double, indicates that. the prolongation of these curm would pass through or very near the

Dvp
origin of coordinates. If it mere known to be true that as ~ approached zero p,/p also

approached zero, the discrepancies from this assumed relation could be readily attributed to
the difficuI@ of obt ainii~ accurate data for these low values. It is obviously unsafe to infer

“Dvp -

()
what form @ — may take for very smti dues of t-heargument, but as far as observat iona

P —
Dvp

could be extended, the indications were khat pJp approached zero as — approached zero.
N

The curves obtained for the Pitot-Venturi tubes are observed to-point in a general way—

“VP – O. They thus corroborate the conclusions draw% from thetoward the value ~= 1 for
P

~?enturicurves, since:

(14)

Xow as h approaches zero, s/p approaches zero as has already been observed. Ckmsequently,
P.

for Pitot-~enturi tubes, as far as observations were carried

Critioal pressure-ratio Cumes.—The rnagtitude of the aosity effect for each type of tube
is shown in Figge 13 (a to e). In plotting these curves, the point was iirst chosen (in fig. 9)
vrhere~as nearly as could be determined, the -osi@ effect ceased to be appreciable; i. e.,

DUP
where the curve became horizontal. Then for the value of ~ correspond@ to this point,

values of p and P corresponding to a series of LTtitedStates standard air altitudes (see Table IX)
were substituted and the result@ equation sohd for u. In this way a series of air speeds was
obtained correspond@ to a series of altitudes. By plotting these speeds against the correspond-
i%c ~titudes a curve is obtained which is called the “critical pressure-ratio” curve for the tube in
question. It shows for each altitude the speed below which the performance of the tube is
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affected by viscosity. The other curves are obtained in the same way except that the,wdues of
Dvp
~ are selected for which the efficiency of the tube has decreased 10, 20, 30, and 40 per cent

below its maximum -due. The curves are then computed for the same altitudes M was done for
the critical pressure-rrdio curve and with the same assumptions as to standard conditions. IrI
connection with these curves it should be remembered that a given perccntuge error in tho dTi-
ciency or pressure-ratio involvw an error in the indicated speed of only half thut wnount.

Compar&on of curveg for game type of nozzles.-one feature of the wind-tunnel data which
might have been made more striking by the inclusion of other tests is the variation in the shape

Fro. 13.—vlmslty efkt.

of the curves obtained for diihrent tubes of the same kind, tubes which were as mmrly rdiko m
they could be made under conditions of quantity production. The results obtained for the
three Navy type Zahm nozzles, shown in Figure 9 (a to c), tested in this investigation illustrate
this quite well. Although these threa curves probably would be found to give the same calibra-
tion within lass than 1 per cent at the high speeds, there are found appreciable differences at
the lower speeds. Nozzle No. 33o is a copper-deposited tube, while nozzles Nos. 338 and 361
me made of cast ahuninum. owing to the fact that Nos. 338 and 361 wore made by a process
different from that by which No. 330 was made, it n@ht be expected that a greuter difference
would be found between the curve for No. 330 and that for either Nos. 338 or 361 than would be
found in compming No. 338 with No. 361. The dflerence between tho curves for No. 338 and
No. 361 is su.filcient,however, to show that apparently insignificant differences in construction
may affect the calibration curve apprecifibly at low speeds. This being the case, it is clearly
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impossible to measure low speeds accurately with a Venturi tube unless the tube is given a
mreful indi-ridual calibration.

This fact is significant in connection -with the calibration of the 13adin nozzles. It is the
custom to test these tubes at one fixed speed and to adjust the dillerentiaI pressure which the
tube deIivers at that speed to within 0.5 centimeter of the standard pressure by mak@ slight
alterations in the shape of the cones. It is assumed that if the calibration cur-res for these Ven-
turis coincide at two points they will coincide throughout. This assumption unquestionably
wmdd be true provided the tubes performed in accordance with equation (3a). Since the tubes .—

perform according to equation (5a) @tead and it has been shown that@ (D+) maybe affected

seriously by apparently insignificant differences in the tubes, it is very doubtful whether the
assumption is justi&ble. It maybe satisfactory, howe~er, for the higher speeds.

ZJ@t of rough or dirty t7woat.—Thelower the speed at which turbulent flow still persists
the greater will be the rmge over which the tube will perform accorc@ to the pt.?law. A SIight
rou@ness, therefore, or any other fenture vihich tends tu increase turbulence, ma-ybe an advan-
twe, provided it does not decrease the efficiency of the tube appreciably at the l@her speeds.
The fact that dirtyirg the throat of a Venturi tube increases its efficiency at low speeds md
decresses it at ~mh speeds h= been noted on several occasions by other experimenters. This
phenomenon can easfiy be explained by the assumption that approximately stream-Iine flow
exists at low speeds and turbulent flow at high speeds.

.

.





REPORT No. 156.

THE ALTITUDE EFFECT ON AIR SPEED INDICATORS-IL

PART II.

THE ALTITUDE CORRECTION.
.

1. INTRODUCTION.

Part II of this report is devoted to a discussion of the correction of ah-speed indicator
readings for compressibility, density, and viscosity, to the determination of suitable empiricnl

forms of ‘he function% T) ‘r
PO “VIP f the Naw Zahm and &my Zahm Pitot-Yenturi nodes,

and to the arrargernent of the vrdues of the density and ticosity corrections in a form suitable
for use

●

--

.

Air-spsed=t-f$!!.

FIG. 14.—Effect of comprwaibuity on PItot tube pressures.

2. THE COMPRIZSSIBILITY CORRECTION FOR PITOT NOZZLRS.

The effect of compressibility on Pitot tubes can be computed by methods indicated in
Reports NOS.2 (Pt. II) and 31 of the National .~d~isory Committee for Aeronautics. Figure
14 shows the theoretical effect of compressibility on Pitot tubes. The curve is based on the
data given by Zahm (Rept. No. 31). There is some uncertainty aa to the accuracy of the
theoretictd results owing to approximations introduced in the treatment.. The indicated speti
is slightly too high, if, as is customary, equation (6a) is used as the basis of the calibration of
the indicator.

3. THE C’OMPRESSIBILITY CORRECTION FOR KENTUIUNOZZLES.

The effect of compressibility upon the performance of Venturi tubes has not yet been
determined, as the discussion in Part I of this report htis shown. The uncertainties involved
in the assumptions which are required for a theoretical analysis are so great that the result is

Mm
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mainly of academic intere9t. In the present state of our knowledge regarding this question, it
is probably safe to assume that the eflect of compressibility on the performance of the Venturi
air-speed nozzk in common use is negligible over the ordinary range of flying speeds at the
present time, but this conclusion should not be extended to include speeds greater than, say, ‘
200 miles per hour until it has been verified experimentally for such speeds.

4. THE DENSITY CORRECTIONFOR PITOT NOZZLES.

Equations (3a) and (6) represent the relations connecting the true air speed with the
reading of a Pitot type indicator. By eliminating p from these two equations we obtain

(15)

Barometric pressure
FIG. 16.4Camctlon factors for Piiot type afr-epeed Ind[cak. Multiply fndimted alr speed by factor titelned from We chert.

If it is considered preferable to use directly tl?e barometric pressure and the temperature,
equation (15) may be rewritten

BOT lj2
‘v=

()
~~ ‘vi (15a)

●

BOT 1/2

()‘he ‘actor m.
is represented graphically in Figure IS which may be used in correcting

the readings of k-speed indicators of the Pitot type for density.

& THE DENSITY CORRECTIONFOR VENTURINOZZLES.

The density correction to air speeds measured by indicators of the Venturi type is cxprcsscd
Dvp

by equation (15) for the range of values of ~ over which the Venturi obeys the PV2law. In

general, however, a viscosity correction must also be made. Them two corrections are applied
simultaneoidy by means of the method which is developed in this paper.

6. VISCOWTY CORRECTION FOR VENTURI NOZZLES.

It was shown in Part I, section 4, of this report that the solution of

(9)

for v furnished a method of correcting the readings of Venturi and Pitot-Venturi air-speed
indicators for altitude.
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Dv,p
J?or sufficiently great values of ~ the ratio ~, is unaffected by viscosity and equation (9)

must there take on the form of equation (15)

v
0

_ ‘~o 1P

6- p “

But equation (9) can always be written

)(
~=$lf’ *2 :1vi

AM

P–)

(15)

(9a)

where#l
()

$ maybe given any desired form. Consequently it maybe specfied arbitrarily that
PO1/2

()
$, (’~) shall be of the form ; given by equation (15). Equation (9a) may now be written

.

‘=(9”%”’”%9‘vi
(16)

,
Dv~p

the subscript (2) being omitted since it is no longer needed. For sufficiently high values of --K—J

p. Dvfp
+(;1 ~

)
isequal to 1.

.ti emphld form of equation (16) will now be determhwd for the Zahm nozzles, Amy
and Navy types, tested in this investigation.

In Figure 16 are plotted values of ~ against D V,p
— for various values of p from Table VII for

Navy Zahm tube serial No. 330 and from sirdar d~ta plotted in Figure 9 for the other tubes.

(7 ‘:p)
The points represent the experimental data. The form of # --) - best fitting the data

obtained from the three Zabm Navy type nozzl~ was found to be

[’+03’(’3n’-’:z]:z]
where

.#VIP

P“

so that equation (16) assumes the form

:=t:YBP+036t:)”’-OmIs~zI(17)

(Zabm, Navy type.)
The form of equation (16) best fitting the data for the two Army Zahm tubes tested in this

investigation was found to be

:=cY’2E+004’(Y’-’:z]:z]
(1s)

(Zabm, -Army type.)

The form of ~ ~~ ‘~) is assumed the same for both the &-my and Navy type tubes:

the differences are t&en c“me of by varying the constants.
The full lines in Figure 16 represent equations (17) and (HI) computed for the. values of p

for which the experimental data were obtained. It mill be seen that the computed values
from the equations agree with the experimental values very well indeed.

m—z3—40
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..

.,

Figures 17a and 17b show the correction curves obtained by plotting equations (17) am!
(18), respectively. Curves were plotted for densities varying from 0.0004 to 0.0014 gram per
cubic centimeter, which covers a sticient range to include any observationa which may be
obtained in ordinmy flying or in performance testing. It will be observed that the value of

‘he’emP36(9’’2’-0”oo8;zlzlin equation (17 )or the corresponding term in equation

(18) decreases very rapidly aaZ increases and that when this term becomes negligible, equations
(17) and (18) both reduce to equation (15) which is used to correct air-speed readings for density.

4 I I I I , I 1 1

2.4 .{
NOvy-Zd71m.$eriolIVo.330 No;y-Zahh SerialIVO.361

I I I b I I
i lJ..Lm/eJ.

—— —

p .DO0391 grwnsjctie.
k /3 ..000467 “ “’ 0

.,.4
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!.2

f 8 12 16 20 24.8~- ‘ I 1 I 1 1 1 I I ! J i 1 J 1 I I
48/2162024 -“ %- 4

Fm. 16,—Experimental data [or determination of w (;, *).

This is ilhstrated graphically in Figures 17a and 17b by the curves becoming horizontal. If
these horizontal portiona of the curves wore continued horizontally until they cut the axis of

% they would represent the density correction asgiven by equation (15). The curvature is duevi
to the viscosity correction. The curves corresponding to the lowest densities are continued to

value9 of ‘~p corresponding to v= 200 miles per hour upon the assumption that United States -
P

standard air conditions exist. The other curves are horizontal beyond the limits of the plot,
and so the vah.msof the correction factor can be taken from the edge of the sheet.

The correction curves in Figures 17a and 17b are suitable for performance testing where the
necessary observations can be tuken during flight and the true air speeds computed later in
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Dv[p
the office. Owing to the work incidental to computing the value of ~, these curves are not

suitable for use in the air. For such use and, in particular, use on diriggble airships, a special
set of curves has been prepared in which constant values of B and T have been assumed. by
deviation from t~ese conditions wiIl cause an error in determining the true air speed, but by
proper interpolation, this error can be kept muoh smaller than that incurred by ignoring the
Yiscosity effect.

These curves which are suitable for use on dirigible airships are ihstratedin I@re 18. They
are computed from equation (17) with United States standard air (Radau air) conditions assumed.

(See Table IX.) That is, by assbming B and T, we can plot ~ against vi. In order to Wow

for all possible variations of B, 2’, and w it would be necessary to malre use of four-dimensional
space or to construct a family of surfaces in thredimensional space, since there are four variables,

.?3
[!!!1!

Ilavy-.%hm RYmWefftiri T&e
2/ “

\ 1 1 I t I iltttli ,
!.9

/.7
v
q

1.5

# .1-

! 1 , I , ,

u 1 =! I I I I t i I I t 1.

B, T, Vi, and;. This is, of course, out of the qu~tion for use in the air where conservation of
-L

space and ease of use are so important. The scheme adopted was to plot families of curv~ for

four values oft, +400, + 20°, 0° and – 20” C, ~ being plotted agaiust vi. The curvw of my

one family me plotted for suitable vaIues of B ~vering the rarge of pressures vrbich dirigible
airships in their present state of development are likely to experience. The values of B assumed

.vary from 75o to 400 millimet~ of mercury corresponding to isothermal aItitudes of approxi-
mately 35o feet and 17,000 feet, respectively. The rsmge of w was taken horn 5 miIes per hour
to 100 miles per hour, which should be ample for present purposes.

The correction curves shown in F~g- 18 were computed from equation (17) for the Navy-
type Zahm nozzles. These curves may be used, however, for both A.rlny and Navy type tubes
since the largest error thus introduced into the correction factor is not over 3 per cent. (This
is at extremeIy IOWspeeds.) The corrections for the Army tubes are slightly greater where
viscosity is appreciable than are those given in Figure 1S.
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In order to use the correction curves shown in Fiires 17a and 17b it is necessary to com-
Dv,p

pute the value of ~ from the observed quantities w, B, and t. First the value of VIshould be

corrected for purely instrumental errors, either from a calibration curve for the indicator used or,
better still, from a flight-history test.” The value of vi as thus corrected is th~ one which should

‘lP The value of p can be computed from equation 11 or can bebe used in the computation of ~.

obtained from Figure 19. The value of Kcan be obtained in C. G. S. units from equation (12),
or from Table X. It should be remembered that D k assumed aa 1 centimeter throughout this
paper.

When using Figures 17a and 17b the values of vi, p, and p must be reduced to the centi-
meter-gram-second system. In case it is desired to utilize the correction curves in F@res 17a

,.

and 17b

variable

.

.

.

D* ~ ,.-3

P
Fm H&-Correction curves for the altltude effect.

using English units in place of metric, this can be accomplished by substituting in

‘3P D = 00328 fbet (the equiva~ent of 1 centimeter) V1in feet per second, p in pou
K’”

per cubic foot, and pin pounds per foot per second.

Graphical methods can be developed easily for computing

be attempted in this paper.

7. lLLWITRATIVEEXAMPLES.

the

:nds

the values of
Dv,p
~, but will not

\

Two examples illustrating the use of the correction curves developed in this pmt of the
report are given below. The first is based on the data obtained in the flight test referred to
in Part I of Report 110, page 19. The determination of the true airspeed is made by the methods
which would be used in the office. The second example involves purely hypothetical data and
illustrates the quick but approximate methods of reduction which could be used in the air.

EXAMPLEI.

The following data were obtained during a flight made at McCook Field on December 20,
1919, by one of the authora.

~ Aflight-ldetorytestk oneInwhtohthefactae ofthe, barometrlcpreeenre,andInstrumenttompemturearemadeto repeatInthe laboratory
the eondltloneof the ~ht,



.urspeea mom indicator ueingibmy!kbm-tjp nozzIe . . . . . . . . . . . . . . . ..--. -.m.p.h.. 6S

.~[timeter reading. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. fwt.. 14900
tikmpmti . . . . . . . . ..-. ---. --.. -.---. -.----... -.--. --.. --------------------0 C-. –11
Indicated ah speed Uicorrected from f&ht-hietory tat ~ . . . . . . . . . . ..-. --_- _-=p. h.. 58.8
.titimeter reading. correctedfrora 6.i@-hie.tory~t,~ . . . . . . . . . . . . ..-.. -.-----. -fi~.. 14690
Barometricpreaeurecorrwpondingto correctedaltimeter reading (fromBureau of

StandardeaItitude tablee]. . . . . . . . . ..-. -------- . ..-- . . ..-. -.------ .-~mem~.. 443.6
F1=58.8x44.7=2,”630centimeter per ~nd.
?=0.000785w pewmbic centimeter, from Figure 19.
JJ=O.0001675gram per centimeter per eecond,from TaMe X.
D=l centimeter.

~P=2630x0.00i)i86_B~20
IL 0.0001675 ‘ “

c’=L?ix6%8=74i m.p.h. true air speed.

/..3

f. I

6 ‘s

f.9

/.7

f.5

The following observations were made on a dirigible airship during flight:
. lnticated &Bpd(m~tdfor~enti emm) . . . . ... . . . . . . . . . . . . . . . ..-. -mp.h.. 15

Altieterm@ . . . . . . . . . . ..--. --. --. ----. --. ----. -... - . . ..-. -.----------.. --J*t. - ~500
-*tempm* . . . . . . . . ..------------------- .---- .-.. ----- .-... ---. -.-------... -0 C-- +10
Barometric prawre corresponding to 1,600 feet altitude from Bureauof Standards

altitude tables. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ..u mercury..n9

:=1.20, from Fii 18.

t=l.20x16=18 m.p.h. true air speed.

—

-

..-
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I?or purposes of comparison, the computation will be made, correcting for air density done:

~= 1.02, from Figure 15.

v = 1.02x 15= 15.3 m. p. h. air speed, corrected for density only.

The error thus involved by ignoring the viscosity correction is seen to be 2.7 miles per hour,
or 15 per cent of the true air speed.

8. CONCLUSIONS.

From the results which have been reported in this paper, it is possible to draw certain
general conclusions aa to the measurement of air speed.

It is obvious that it is of little benefit to use a double Venturi ~or the low-speed flight of
lighter-than-air craft, since the increased efficiency of the tube at the ordinary flying speeds of

8030

~ 20

* 10

-50
-64

Barometric pressure

FIG. 19.-ALr densltles wrrespondirrg to glwrr prsmures and temperatures. Densitiss in grams pw sublo cenfLmetw,-

heavier-than-air craft is largely lost at the lower speeds. For example, upon examining the
performance curve for the Badin double Venturi (Figure !li) it is found that, while the efficiency
is approximately thirteen times that of a Pitot tube at an air speed of 65 miles per hour, at 5
miles an hour it is only t~~ce that of the Pitot. With the Zahm PitohVeniuri the efficiencies at
the same two air speeds are approximatdy 6.4 and 2.5, respectively. Consequently the change
of efficiency is much more in the case of a double Venturi tube, although the differential pressure
delivered by the Zahm tube is leas than that delivered by the double Venturi at all except the
very lowest speeds

Owing to the fact that the use of a Venturi tube does not solve the problem of obtaining
su.flicientlyhigh dHerentiaI pressures at low speeds to make practicable the construction of an
indicator which wilI measure these pressures, it seems advisable. to adopt a different type of
indicator for such conditions. The cup or vane anemometer and the pressure plate are the two
types which suggest themselves w suitable for low-speed measurements.

A cup anemometer air-speed indicator which is direct reading has been constructed at the
Bureau of Shmdards and has met both laboratory and flight tests satisfactorily. This instru-
ment when tested in the low-pressure wind tunnel at reduced pressures, showed less than 5 per
Gent altitude effect up to an altitude of 30,000 feet. Consequently the performance of this
uxlicator is nearly independwt of density. F@hermore, since the calibration curve of the
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instrument was practically a straight line over its entire range (10 to 90 miles per hour), it has
rery nearly a uniform scale.

A preamre plate air-speed indicator might be designed to function accurately at low speeds,
but it would certainly be subject to the density effect as expressed by equation (3a) and might
be affected by viscosity or by some other clumge in the nature of the air flow at low speeds. .

The Venturi or the PitohVenturi tube will continue to have advantages for use on heatier-
than-air craft, since its construction and installation are simple and the differential pressure is
so great that the indicators can be easily manufactured.

The correction curves, F~es 17a, 17b, and 18, given in this paper can be relied on for use
with the Zahm tubes, provided the latter are not damaged.

The construction of similarcorrection curves for the Toussaint-Lep?re tubes would not be jus-
ttied, since these tubes me not subject to riggd construction specifications. ‘iVhilea set of curves
representing the corrections for an average Toussaint-Lep~re nozzle would probably give results
wlich were more accurate than if the viacasity correction vm.sentirely ignored, there would be
so much uncertainty invol~ed, owing to lack of information as to the calibration curve for the
partictiar instrument, that the sfight increase in accuracy hardIy just~fies the dif%culty with
which it is attained.

The authors wish to express their appreciation of the assistanc~ of Mr. C. T. Buckingham
and Mr. D. E. Merris of the ~eronautic Instruments Section of the Bureau of Standards in con-
ducting the low-pressure wind-tunnel tests and in carrying out the laborious computations in-
~olved in this report. Mr. G. H. Keulegan aIao ga~e valuable assistance in determining the

form of the unlmow-n function,
K%)”
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TABLE X.—Ak T%wmltkeby Sutherland’s Formula.

Tem~erzture ValQs9 ofslr ~m ~~l*re LVzll{;lr
( c.). (gl%%%i). J’c.). /cmsfr.)

—

I

–40
-85
–a
–25
-m
–Is
–lo

.l_

I

0:pm2J&

. CO11576

. lmnw

.03Q1S30

. mlem
. 0WISS2
.w1170a
. 0W793

I

I

—
+5
+10
-1-16
+Xl
-I-25
+30
+35
+40

“l—
“o.o031758

. W-U733

. OWIXB

.Oallm

. clxlw

. c021W2

. W31907

.0301930
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